ABSTRACT Moisture content is an important meat quality trait. The fast and low-cost detection for the moisture content of meat or meat products is continuously concerned by researchers. At radio frequencies, the dielectric properties of meat are strongly affected by its moisture content. Therefore, we proposed a fast detection method for moisture content of pork meat by using a quarter-wavelength transmission line at 150 MHz and an interdigital electrode-based probe. In this paper, we simulated the electric field distribution around the probe. To verify the performance of the designed device, relevant calibrations, and tests were conducted. The measurement results of moisture content obtained by our device and the network analyzer at 150 MHz were compared. The results indicate that our device can distinguish the change of moisture content between 72% and 80% in the minced pork meat. This method has considerable potential as a means for rapid determination of meat moisture content.
I. INTRODUCTION
As population and living standards rise, consumption of meat is increasing rapidly. Furthermore, consumers demand a higher quality of meat and meat products [1] . The main meat quality traits include sensory characteristics, chemical composition (moisture, fat, protein, etc.), physicochemical properties, health-protecting properties, nutritional characteristics and safety [2] - [6] . Rapid and low-cost techniques to measure quality traits of meat are of great interest for both the industry and the consumers.
As is well known, the total moisture content is an important quality trait of meat, many researchers have used different methods to detect the moisture content of fresh meat, e.g., the fast detection methods include conventional near-infrared spectroscopy (NIRS) detection [3] , [7] , [8] and hyperspectral imaging detection [9] , [10] . NIRS detection is widely used in the moisture content detection of various kinds of meat [2] , [5] , [11] . Most researchers focused on the measurement of minced meat or meat products [12] . In 1983, Lanza [13] detected the moisture content of minced pork and beef by using NIRS and the correlation coefficient (R 2 ) between the chemical analysis and the NIR spectra was more than 0.95. Pla et al. [14] collected the NIR spectra to predict the moisture content and other compositions, and the R 2 was 0.98. In 2014, Prieto et al. measured compositions in the beef with NIRS and analyzed the data with PLSR, obtaining R 2 up to 0.90. Ritthiruangdej et al. [15] predicted the chemical compositions of Thai steamed pork sausages with the NIRS and achieved a satisfactory result to the content prediction of the moisture, protein and carbohydrate. However, the spectra acquisition is quite complex due to the heterogeneity of meat and the faintness of the near-infrared spectrum. The spectral signal contains both the absorption associated with chemical compositions and the scattering of the sample structure. In addition, light scattering within meat affect the depth of near infrared radiation penetration seriously. It limits the use of near-infrared spectroscopy [16] . Although the hyperspectral imaging detection can obtain better results than using conventional NIRS method [9] , [10] , [17] , these hyperspectral instruments are expensive and the data processing is complex. Moreover, the results are both easily influenced by the environment light using these optical methods.
Therefore, we need to find a more suitable alternative method to realize the fast detection for the quality and chemical compositions of the meat samples.
Meat is a dielectric. The change of the structure and the content of different compositions will influence its property, and then influence the absorption of the electromagnetic waves [18] . The measurement method of radio frequency (RF) dielectric property is a kind of method by measuring the dielectric property of the sample with the electrical method and then determining the sample quality. Some researchers have studied the methods to measure the dielectric properties of different kinds of samples using the RF [6] , [19] - [21] . Nyfors [22] summarized the application of microwave in industry, and mentioned that microwaves are well suitable for measuring moisture content. Zhang et al. [23] studied on the nondestructive method for in situ measurement of the corn kernel moisture in the corn ear and the R 2 is 0.7853 and 0.8496 for two varieties of corn respectively. A frequency-domain inner fringing capacitorsensor was used to measure the stem water content [24] . The capacitor-sensor which consists of two wave guides to detect moisture content on three kinds of plants' stem. Furthermore, Magee et al. [25] investigated the influence of moisture and temperature on the dielectric properties of pharmaceutical powders and found that the permittivity of the powder-water mixtures increased with the increasing temperature and moisture. These studies indicate that the measurement of dielectric properties has been applied to moisture content measurement in many different fields. In fact, moisture content was measured by using RF method in different fields, e.g., food and pharmaceutical industry [21] , [26] . For the qualitative meat quality assessment, many researchers have done a few of studies by using RF electromagnetic waves. Jilani et al. [27] detected the meat quality with the microstrip ringresonator based on the sensing technique. Ngadi et al. [28] measured the dielectric properties to classify cooked meat into different quality classes by a network analyzer across a frequency range from 0.2 to 20 GHz, and the result was that the frequency at 2.4 GHz was the best frequency to build the classification model. Zurina et al. [6] screened the pork, chicken and beef using the dielectric properties in the frequency of 0.5GHz to 50 GHz with network analyzer and they found that prominent peaks could be observed at the frequencies of 7GHz and 30GHz to discriminate pork sample from other two kinds of meats qualitatively. Although some researchers reported the qualitative analysis of meat and water activity detection by using RF method [5] , [29] , [30] , there are few results on the quantitative detection moisture content of meat which is crucial to the quality measurement of meat.
Indeed, all of those results suggest that RF electromagnetic waves can be used to measure the dielectric properties of meat samples, and then measure the meat quality, e.g., moisture content. In this work, we focused on investigating relations between characteristics of dielectric properties of meat and moisture content, and to design the appropriate electrodes and circuit with a suitable measurement method. Here, we propose a fast detection moisture content method by using radio frequency electromagnetic waves to quickly obtain meat moisture content.
II. METHOD AND DESIGN

A. MEASUREMENT PRINCIPLE
As we know, pork is mainly composed of moisture, protein, fat, etc. The dielectric constant of the water is 76.52 (30 • C) at 150 MHz [31] , and the dielectric constant of protein and fat and other substances is generally between 1 to 3 [32] . For this reason, dielectric constant of pork is mainly affected by the moisture content, and the change of the dielectric constant directly affects the electrical properties of pork. Therefore, the moisture content of pork can be indirectly reflected by the changes of pork electrical parameters.
When a radio frequency sinusoidal wave signal is injected to the measuring electrodes through a quarter-wavelength transmission line whose characteristic impedance is Z 0 , it leads to the signal reflection because of the impedance mismatch between the measuring electrodes impedance (Z L ) and the transmission line characteristic impedance (Z 0 ). The superposition of the reflection signal and incident signal would form a standing traveling wave signal in the transmission line. By the Transmission Line Equation
+ e jβz ) (z, the position on the transmission line, V + , forward transmission signal amplitude, β, transmission coefficient) [33] , we could get the voltage values at the input and output of the transmission line
, λ is the wavelength of the signal. Usually the characteristic impedance Z 0 of the transmission line is constant, and the load impedance Z L is mainly affected by the moisture content of pork which determines the reflection coefficient , which in turn affects the voltage V across the transmission line. Accordingly, by measuring the voltage V = V A − V B = |2V 0 |, we can get the load impedance Z L , thus obtaining the pork moisture content.
Due to the weak conductivity and dielectric loss of the material, when high-frequency electromagnetic waves were injected into the sample, the electric field magnitude is gradually attenuated. In general, the penetration's depth is defined as the penetration depth where the electric field intensity or power attenuated to 1/e of the initial electric field intensity or power [33] - [35] . More specifically, when a point source is used, the field intensity dissipation penetration depth d p can be expressed as:
where c is the light speed in vacuum, f is the frequency of the electromagnetic waves, ε r is the real part of the permittivity, and ε r is the imaginary part of the permittivity. 
B. DESIGN AND SIMULATION OF THE PROBE
We designed a kind of interdigital electrodes, as shown in Figure 2 , with a length of 35mm, a width of 4mm and a spacing of 3mm. A Petri dish of 90 mm in diameter was used as sample chamber which material is polystyrene. To prevent short circuit of electrodes and sample, the interdigital electrodes were attached to the outside bottom of the sample chamber and isolated with the samples. To test whether the electrodes were suitable for measuring the moisture content of meat samples, we used High Frequency Structure Simulator to simulate the electrodes. High Frequency Structure Simulator (HFSS version13.0, ANSYS Inc., Canonsburg, PA, USA) [36] is used to design the structure of the electrodes by calculating the distribution of the space electric field.
In order to obtain more effective simulation for actual measurement, we set the surrounding materials of the electrodes in the following simulation process. The simulation model is shown in Figure 3 . Dielectric properties of materials, i.e., air, copper, pork and polystyrene, are shown in Table 1 .
C. CIRCUIT DESIGN
Based on the transmission line theory and measurement principle of the high-frequency electromagnetic waves in the dielectric, the circuit has been designed to measure and process the voltage difference between the two ends of the transmission line. The circuit is mainly composed of the following parts: the high-frequency signal source board, the quarter-wavelength transmission line, the measurement probe, the peak detection circuit, the differential amplifier circuit, the A / D conversion circuit and a Microprogrammed Control Unit.
In this circuit, we used the external sine wave signal generated by the AD9959 as the high frequency source in the signal source board. The AD620, a more stable instrumentation amplifier that can provide a single differential-pair bipolar input, was used in the differential circuit. And we used two AD conversion channels. One channel was used to converse signals, and the other channel was used as a stable reference voltage to eliminate the impact of the power supply voltage fluctuations. The circuit design is shown in Figure 4 . 
D. TEST OF THE CIRCUIT BOARD
To verify the designed device, some tests were carried for the circuit board. Firstly, we tested the difference between measured signal and theoretical value at both ends of the quarter-wavelength transmission line. In the experiment, the transmission line was under open-circuit conditions, namely one end of the transmission line was connected to the A end of the circuit (Figure 4) and another one open. Then we measured the voltages at both ends of the transmission line. In such situations the load impedance was Z L → ∞, so the reflection coefficient was about 1, and then the voltages at both ends were V A = 0, V B = 2V + . Theoretically, the starting end (A end) voltage should be 0 V and the end voltage should be twice of the input voltage for the quarterwavelength transmission line because of the signal reflection in the end under open-circuit conditions.
E. SAMPLES PREPARATION
Meat samples were taken from porcine longissimus dorsi muscles, obtained from a local market, at 24 h post-mortem after chilling for 24 h at 4 • C. Some pork meat was minced and divided into several parts, and then each part (weight more than 100 g) was added in different amounts of physiological saline and well mixed individually for obtaining samples with different moisture content.
F. EXPERIMENT FOR MEASURING MOISTURE CONTENT OF MINCED MEAT
In the experiment, each sample was detected by the three following methods:
During the measurement of each sample, a same amount of minced meat about 100 g taken out from the sample was placed on the sample chamber, and the voltage difference was measured with our device. The average of repeated measurements about 50-100 times was obtained as the voltage result.
After that, we carried out the measurement with a vector network analyzer (E5070B, Agilent Technologies, Santa Clara, CA, USA) and its measuring frequency ranges from 300 kHz to 3 GHz. Samples were scanned by the network analyzer with the frequency range from 300 kHz to 500 MHz and their electrical impedance (R parts and X parts) were recorded at room temperature (about 23 • C). And the reflection coefficient was calculated. It is shown in Figure 5 . Finally, we used the oven-drying method to measure the moisture of pork. About 5 g of meat from each sample was used for the moisture content detection by the SFY30 Meat Moisture Analyzer (Guan Ya, Shenzhen, China).
III. RESULTS
A. CHARACTERISTICS OF THE PROBE
We observed the distribution of electric field in meat samples by simulation to determine the parameters such as the depth of the detection. It is shown in Figure 6 that the simulation results of electric field intensity distribution along the longitudinal direction of the sample. Figure 6a shows the electric field distribution in YZ plane, Figure 6b shows the electric field intensity curve along the Z axis direction in the samples, and Figure 6c shows the piecewise integration of the electric field intensity along the Z axis direction in the samples.
In order to better observe the impact of the detection depth, we set the depth of the sample to 100 mm in the simulation. In Figure 6b , we can find that the electric field intensity in the sample is very weak at the distance out of 30 mm from the electrodes. We integrated segmentally the intensity of the electric field in the Z direction, and we divided 0-50 mm to ten segments (0 -5 mm, 5 -10 mm, . . ., 45 -50 mm). According to Figure 6b and Figure 6c , the electric field is mainly distributed within 30 mm in the Z-axis direction.
In this work, we also simulated spatial distribution of electric field by using different dielectric constants of the samples with different moisture content. In general, the dielectric constant of the meat sample is approximately 62 [37] , [38] , and dielectric constants in the stimulation is from 51 to 71. As shown in Figure 7 , we obtained the reflection coefficient values under different dielectric constants. 
B. TEST EXPERIMENT OF CIRCUIT
According to the transmission and measurement principle of high-frequency electromagnetic waves in dielectric, we have designed and experimented the measurement circuit.
The open circuit test of quarter-wavelength transmission line is as shown in Figure 8 The voltage of the starting end is nearly zero but a small voltage value can still be captured.
C. EXPERIMENT FOR MEASURING MOISTURE CONTENT OF MINCED MEAT
In the experiment for measuring moisture content of minced meat, we obtained the measured differential voltage for the samples with different moisture content using our device, and calculated the reflection coefficients with the electrical impedances obtained by the network analyzer.
Repeated experiments were conducted, and linear regression analyses were performed for the data. The results of an experiment case are shown in Figure 9 . As is shown in Figure 9 , there is a good linear relationship between the moisture content of minced meat and reflection coefficient. It indicates that the probe we designed can be used for detecting moisture of the minced meat. Meanwhile, there is also a relatively significant linear correlation between the moisture content and the voltage value, and this means that our device can be used to measure moisture content in meat. 
IV. DISCUSSION
We studied the theory and practice on the detection of the moisture content in pork by the radio frequency method.
A. ELECTRIC FIELD DISTRIBUTION AND THE PENETRATION DEPTH OF THE PROBE
For the simulation of the probe, the main purpose was to explore the effect of the probe design on the electric field distribution and the penetration depth in the sample.
From Figure 6a , we can find that the electric field intensity on the side without the sample is stronger than that on the side of the sample. Since the dielectric constant of air is much less than that of the meat sample, the electric field intensity in the air is stronger than that in the sample. In future study of the probe design, it should be considered that the electric field leakage problem on the other side. We can place polygon plane to shield the electric field. In addition, we also found that there is an electric field leakage in the surrounding space. We can reduce the size of the electrode or enlarge the sample pool for this problem.
The penetration depth of the electric field was calculated according to the theoretical Equation (1), and the penetration depth of the pork was about 68 mm at 150 MHz. However, the penetration depth of the simulation is about 21 mm. The simulation results of the software were obviously different from the theoretical results. To analyze the reasons, firstly, the structure and shape of the electrode used in the calculation of the theoretical formula was different from the electrode used in our simulation experiment, which may weaken the penetration depth. In fact, electrode used in the calculation of the theoretical formula was equivalent to a point source, which was different from electrode used in our simulation and practical experiment. For a point source in the theory equation, the penetration depth is smaller than that of our designed electrode with a surface source. Secondly, there are some electric field leaks around the electrodes, which may also lead to differences in these results.
Many researchers have reported their results of RF or microwave heating/thawing techniques used in food industry [21] , [32] , [35] . Besides theses application in food processing, there were much more studies on medical application [25] , [37] , [38] . In those previous works, simulation of electric field and electrical potential distribution were conducted. Although the previous results are not used in determination of meat moisture content, the methodology enables us to simulate numerically. In our work, we are more concerned with how deep moisture content can be detected from surface than penetration depth itself. Thus, simulation allows us to investigate electric field distribution and design the sensor.
B. CIRCUIT NEEDS FURTHER IMPROVEMENT
The sine wave signal generated by the source board based on a direct digital synthesizer chip AD9959 has a good suppression of the harmonics, so that we can get a purer highfrequency signal.
In this circuit, we used the AD620 chip which expanded the gain of the differential amplifier circuit. The chip can amplify the differential voltage across the transmission line, and the voltage of different polarity can be properly amplified. In addition, we also used two AD conversion channels. We used one of the AD conversion channels as a reference benchmark, which could reduce the impact of the power supply voltage fluctuations and make AD conversion results more accurate.
The voltage was not zero at the starting and of the transmission line in the open circuit test for the quarter-wavelength transmission line, as shown in Figure 8 . The main reason might be that the length of transmission line was not a strict quarter wavelength or the length between the two measurement points was not a strict quarter wavelength. In addition, it was not a perfect sine wave at the starting end of the transmission line. The signal source contains a second harmonic whose frequency is 300 MHz. The length of transmission line we used was a quarter wavelength at the frequency of 150 MHz, however it was a half wavelength at the frequency of 300 MHz. The theoretical value of the voltage at the half wavelength position was twice that of the signal source. Therefore, the voltage measured at the starting end was the superposition of the voltage for 150 MHz and the voltage for 300MHz. This is the reason that the curve for the transmission line starting end is not the perfect sine wave in Figure 8 .
C. EXPERIMENT FOR MEASURING MOISTURE CONTENT OF MINCED MEAT
In the moisture content detection experiment, samples with different moisture content were obtained by adding in different amount of physiological saline. With this method, the change of the conductivity in the samples was eliminated or minimized during sample preparation.
In the experiment, we found that there is a significant linear correlation between the moisture content and the reflection coefficient calculated from the electrical impedance measured by the network analyzer, as shown in Figure 9a . It means that the reflection coefficient can reflect the moisture content of minced meat samples well. However, the range of the measured reflection coefficient itself was so narrow that the sensitivity was low to affect potentially the prediction robust. This led to a low resolution in the voltage measurement process and the measured voltage was easily influenced by many other factors, e.g., conductivity and temperature [21] , [26] . That's why there is a relatively poor linear correlation between the moisture content and the measured voltage shown in Figure 9b . We studied this issue and found that the resolution of the reflection coefficient gradually decreases as the dielectric constant increases [39] , as is shown in Figure 10 . The dielectric constant of the meat samples is usually above 62. In this range, the change of reflection coefficient is so small that the uncertainty of its measurement result is relatively large. In the further study, the design of our circuit should be improved.
A few researchers have used microstrip antenna, ringresonator [21] , Cavity or open-ended coaxial probe to obtain the moisture content at microwave frequency between hundreds MHz and several GHz band. Based on the voltage standing wave ratio, we measured the voltages between a quarter-wavelength transmission line to reliably detect the moisture content of the minced meat at radio frequency.
V. CONCLUSIONS
Based on transmission and reflection of radio frequency signal in the different media and the change of meat dielectric property, moisture content can be determined by measuring the voltage difference between the two ends of the quarterwavelength transmission line at 150 MHz. We found that the detection depth of the interdigital electrodes was significantly different from that of the detection depth calculated by the theoretical equation. In the simulation, detection depth of the probe is approximately 21 mm. In brief, these results suggest that the radio-frequency measurement could be used as a rapid and easy method to determine moisture content of meat. Furthermore, an in-depth study will be conducted to improve the device to measure moisture content of intact meat. 
